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The nonhomologous DNA end joining pathway is important for
chromosome stability in primary fibroblasts
Zarir E. Karanjawala*†, Ulf Grawunder†‡, Chih-Lin Hsieh§¶ and
Michael R. Lieber*¶¥
There are two types of chromosome instability, structural
and numerical, and these are important in cancer. Many
structural abnormalities are likely to involve
double-strand DNA (dsDNA) breaks. Nonhomologous
DNA end joining (NHEJ) and homologous recombination
are the major pathways for repairing dsDNA breaks.
NHEJ is the primary pathway for repairing dsDNA breaks
throughout the G0, G1 and early S phases of the cell
cycle [1]. Ku86 and DNA ligase IV are two major proteins
in the NHEJ pathway. We examined primary dermal
fibroblasts from mice (wild type, Ku86+/–, Ku86–/–, and
DNA ligase IV+/–) for chromosome breaks. Fibroblasts
from Ku86+/– or DNA ligase IV+/– mice have elevated
frequencies of chromosome breaks compared with those
from wild-type mice. Fibroblasts from Ku86–/– mice have
even higher levels of chromosome breaks. Primary pre-B
cells from the same animals did not show significant
accumulation of chromosome breaks. Rather the pre-B
cells showed increased cell death. These studies
demonstrate that chromosome breaks arise frequently
and that NHEJ is required to repair this constant
spontaneous damage.
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Results and discussion
Fibroblasts from Ku86+/–, Ku86–/– and Lig4+/– mice have
marked increases in chromosome breaks
To determine whether a defective NHEJ pathway would
affect chromosome stability, we isolated primary dermal
fibroblasts from 4 month old wild-type, Ku86+/–, Ku86–/–
and DNA ligase IV+/– (Lig4+/–) mice [2,3], and examined
metaphase spreads from these cells after nine days in
culture. Fibroblasts from wild-type mice had chromosome
breaks in 9 ± 2% of the cells (Figure 1), which is slightly
higher than the level observed in a previous study in which
murine fibroblasts from young mice had breaks in approxi-
mately 5% of their cells [4]. Strikingly, in the NHEJ
mutant cells (Ku86–/–), the percentage of fibroblasts with
breaks increased to 56 ± 12%. Hence, the absence of Ku86
protein results in a marked increase in the number of spon-
taneous chromosome breaks in fibroblasts. The percentage
Figure 1
Chromosome breaks are increased in primary fibroblasts that are
deficient for Ku86 but in pre-B cells the increase is not as marked.
Dermal fibroblasts were grown from tail biopsies from 4-month-old
wild-type, Ku86+/–, and Ku86–/– mice. After 1–2 passages
(corresponding to 10–12 days in culture and roughly 12–15 cell
divisions), the cells were treated with colcemid, fixed, and metaphase
spreads were prepared. Pre-B cells were grown from 4-month-old
wild-type, Ku86+/–, or Ku86–/– mice as described in the methods (see
Supplementary material), and analyzed at 10–14 days by treatment
with colcemid, fixation, and preparation of metaphase spreads. The
chromosomes were Wright stained. Cells with at least one
chromosome aberration were scored as positive. The ordinate
indicates the percentage of cells with at least one chromosome break.
Error bars represent the standard deviation.
Fibroblasts Pre-B cells
Current Biology  Ku86 genotype
+ / + +/– –/–+ / +–/– +/–
C
el
ls
 w
ith
 a
 c
hr
om
os
om
e 
ab
er
ra
tio
n 
(%
)
0
10
20
30
40
50
60
70
of heterozygous cells with breaks was intermediate
(20 ± 5%) between wild-type and null cells, suggesting that
the level of Ku86 in heterozygous cells is only partially
effective in repairing spontaneous chromosome breaks. We
also observed an increase in chromosome instability in
Lig4+/– fibroblasts (Figure 2), suggesting that the chromo-
some instability observed in the Ku86-deficient cells was
not caused by a NHEJ-independent role specific for Ku86.
Corresponding data from adult Lig4–/– cells cannot be
obtained because these animals are inviable [3].
The structure of the chromosome breaks in wild-type,
Ku86+/– and Ku86–/– fibroblasts was similar, even though the
quantitative differences were substantial. Nearly 90% of the
chromosome structural abnormalities are chromosome or
chromatid breaks and gaps (Table 1). The remainder of the
events probably arise from dsDNA breaks as well. 
Proliferation of the heterozygous Ku86+/– and Lig4+/–
fibroblasts are normal 
We were interested in determining how the observed chro-
mosomal instability might affect the growth rate of fibro-
blasts. Previous studies in mouse embryonic fibroblasts
have demonstrated impaired growth for Ku70-, Ku86-, and
Lig4-deficient cells compared with wild-type cells [3,5,6].
Our data are in agreement with these previous studies. The
proliferation of fibroblasts from Ku86 or Lig4 heterozygotes
was comparable with wild type, whereas the growth of
Ku86–/– fibroblasts was markedly slowed (see Supplemen-
tary material). Given that the heterozygous cells with
normal growth rates demonstrate an increase in chromo-
some breaks, it is not likely that the Ku86–/– cells simply
accumulate breaks because their growth is slowed.
Frequencies of cell death are not elevated in fibroblasts
even among those with slowed growth 
We wondered whether the marked chromosomal breakage
in NHEJ-deficient fibroblasts would cause them to die.
We examined fibroblasts for trypan blue exclusion. The
frequency of dead fibroblasts was not increased in the
Ku86+/– cells, and was not markedly increased even in the
Ku86–/– fibroblasts (Figure 3). The chromosome breaks
resulting from Ku86 deficiency therefore do not cause
increased cell death in the fibroblasts. 
Ku86–/– pre-B cells do not manifest the chromosome
breaks observed in Ku86–/– fibroblasts
It was of interest to compare the fibroblasts with precursor
lymphocytes from the same animals because lymphocytes
must contend with physiological dsDNA breaks, generated
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Figure 2
Chromosome breaks are increased in primary fibroblasts heterozygous
for DNA ligase IV. Dermal fibroblasts were grown from tail biopsies
from 4-month-old wild-type and Lig4+/– mice. After 1–2 passages
(corresponding 10–12 days in culture and roughly 12–15 cell
divisions), the cells were treated with colcemid, fixed, and metaphase
spreads were prepared. The chromosomes were Wright stained. Cells
with at least one chromosome aberration were scored as positive. The
ordinate indicates the percentage of cells with at least one
chromosome break. Error bars represent the standard deviation.
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Table 1
Chromosome aberrations in wild-type, Ku86+/–, and Ku86–/– murine fibroblasts.
Genotype CSB/CSG* CTB/CTG* Rob* Chromatid Other Total Total Average number Percentage of cells 
exchange events cells events/cell†‡ with events§
Number of events (percentage of total events)
Wildtype 1 (6.7) 12 (80.0) 0 (0) 0 (0) 2 (13.3) 15 111 1.5 ± 0.2 9.0 ± 2.3
Ku86+/– 20 (19.6) 66 (64.7) 3 (2.9) 1 (1.0) 12 (11.8) 102 392 1.3 ± 0.1 19.6 ± 5.3
Ku86–/– 165 (37.0) 240 (53.8) 26 (5.8) 8 (1.8) 7 (1.6) 446 342 2.4 ± 0.3 55.8 ± 12.4
*CSB indicates chromosome break; CSG, chromosome gap; CTB,
chromatid break; CTG chromatid gap; and Rob, Robertsonian
translocation. †Average number events per cell is the total number of
events divided by the number of cells with events. Errors are the
standard deviation from multiple experiments. ‡The average number of
breaks per cell could be calculated by multiplying CSB/CSG and
chromatid exchange events by 2, and Robertsonian translocation
events by 4. These events represent either two or four DNA strand
breaks, respectively. §The percentage of cells with at least one
chromosomal aberration.
during V(D)J recombination, in addition to pathological
breaks. We cultured and analyzed the metaphase chromo-
somes of continuously growing interleukin 7 (IL-7)/stromal
cell-dependent fetal liver primary pre-B cells from wild-
type, Ku86+/–, and Ku86–/– mice. As with the correspond-
ing fibroblasts, the lymphocytes with a homozygous
deletion of Ku86 grew slowly, although the heterozygous
cells were only marginally reduced in growth rate (see Sup-
plementary material). Strikingly, we found that the primary
pre-B cells had markedly fewer numbers of chromosome
breaks than primary fibroblasts from the same mice for
each corresponding genotype (Figure 1).
Ku86+/– and Ku86–/– pre-B cells show markedly elevated
cell death relative to wild type
We wondered whether the lack of chromosome breaks in
pre-B cells was due to a more rapid triggering to cell
death, as has been described for other insults to lympho-
cytes [7]. Could it be that the chromosome breaks occur,
but that the cells in which they occur are rapidly cleared
from the culture by cell death? To address this, we deter-
mined the frequency of dead cells in optimally growing
pre-B cell cultures by fluorescence-activated cell sorter
(FACS) analysis (Figure 3). This showed that the fre-
quency of dead cells in Ku86–/– pre-B cell cultures was
indeed dramatically increased in Ku86–/– cells. We con-
clude that the frequency of cell death in pre-B cells is
markedly increased in the absence of Ku86. 
Interestingly, even pre-B cells from Ku86+/– mice showed
a significant elevation in the frequency of dead cells by
FACS analysis (Figure 3). The lack of a marked effect on
chromosome stability in Ku86-deficient pre-B cells was
accompanied by a corresponding increase in cell death as
one compares pre-B cells from wild-type, heterozygous,
and homozygous mutant Ku86 mice. No significant
increase, however, was observed for fibroblasts (Figure 3).
Chromosomal instability and cell-cycle checkpoints
The primary fibroblasts and pre-B cells used in this study
were from mice that have intact cell-cycle checkpoints.
Hence, it is intriguing that these cells acquire breaks. Rele-
vant to this point, we have crossed Ku86–/– mice with p53
mutant mice to generate mice with both Ku86 and p53
defects. The primary fibroblasts from those mice showed
the following chromosomal breakage frequencies at day 9
in culture: 21% of Ku86+/+p53–/– fibroblasts had at least one
break; 46% of Ku86+/–p53–/– fibroblasts had at least one
break; and 78% of Ku86–/–p53–/– fibroblasts had at least one
break. Though the breakage frequencies are worse in the
cells from p53–/– mice (regardless of whether they are
Ku86+/+, Ku86+/–, or Ku86–/–), these data are striking for the
fact that the fraction of cells with breaks is only about
1.4–2-fold higher relative to the corresponding frequencies
in Table 1 for Ku86+/+, Ku86+/–, and Ku86–/– cells. We con-
clude that chromosome breaks occur, with or without intact
checkpoints, at a high frequency when NHEJ is defective. 
Biological significance of chromosome instability in the
absence of NHEJ
Our results permit several new conclusions. First, primary
fibroblasts from Ku86–/– mice have metaphase chromo-
some breaks in over 55% of the cells, even in the absence
of overt ionizing irradiation or oxidative challenge
(Figure 1). This indicates that chromosome breaks arise
spontaneously and cells require NHEJ to repair them. 
Second, the Ku86+/– heterozygous fibroblasts have a chro-
mosome break frequency that is intermediate between the
wild-type and Ku86–/– cells. The Lig4+/– cells also have a
markedly increased frequency of chromosome breaks rela-
tive to that of wild-type cells. This suggests that heterozy-
gous levels of Ku86 and DNA ligase IV in murine
fibroblasts are not sufficient to repair many of the sponta-
neously occurring chromosomal breaks.
Third, pre-B cells show chromosome breaks at frequencies
that are 10–20-fold lower than fibroblasts, regardless of
their Ku86 genotype. This is most readily explained by the
fact that pre-B cells are triggered to die more easily than
other cell types [7]. Our analysis of the growth and death
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Figure 3
Cell death in pre-B lymphocytes deficient for Ku86 is elevated but not
for fibroblasts from the same mice. For pre-B cells, the percentage of
cell death in cultures was determined by FACS analysis using
propidium iodide stained cells (see Supplementary material) and
calculating the ratio of FL2 positive/negative events. Fibroblasts were
counted in triplicate by trypan blue exclusion at day 9.5, and cell death
reported as the percentage of dead cells ± standard deviation.
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rates are consistent with such an interpretation. Hence,
pre-B cells that suffer chromosome breaks might be con-
tinuously removed from the pool of proliferating cells rela-
tively quickly, thereby depleting the viable numbers of
cells with chromosome breaks that could be visualized. 
Chinese hamster ovary (CHO) cell lines that have a
genetic mutation in one allele of Ku86 and an unstable
CpG methylation suppression of the remaining wild-type
allele do not show genetic instability [8,9]. Our study uti-
lizes primary murine cells, not transformed CHO cell
lines, which might also contribute to the difference in
chromosome stability between our study and earlier ones.
Cell lines have often accumulated extensive CpG methy-
lation of their genomes [10], and the resulting chromatin
structural change might suppress the accumulation of
chromosome breaks. Perhaps more importantly, rapidly
dividing transformed cells spend a greater fraction of the
cell cycle in late S and G2 phase, in which homologous
recombination primarily repairs dsDNA breaks [1].
Our study underscores the potential role of the NHEJ
pathway for maintaining chromosome stability in primary
fibroblasts. Haploid levels of Ku86 and DNA ligase IV in
primary fibroblasts result in increased chromosomal
instability. Unlike fibroblasts, lymphoid cells do not
manifest chromosomal instability, but rather the lym-
phoid cells have a very high rate of cell death. We specu-
late that the increased chromosome instability in primary
cells with compromised NHEJ might contribute to the
senescence associated with Ku86 mice that was recently
documented [11], and might be a potential cause of neu-
ronal loss in Lig4–/– animals [12].
Supplementary material
Supplementary material including additional materials and methods and
figures showing growth curves for wild-type, Ku86+/–, Ku86–/–, and
Lig4+/– cells is available at http://current-biology.com/supmat/sup-
matin.htm.
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Materials and methods
Mice
Ku86+/– heterozygous breeding pairs (129SVEV x C57Bl/6) were
obtained from Dr. Paul Hasty (Lexicon Genetics, Inc., The Woodlands,
TX). Offspring were tested using PCR genotyping (see below) for the
presence of the Ku86-deleted allele. Genomic DNA from mouse tails
was PCR genotyped for 35–40 cycles with an annealing temperature
of 59°C with the primer pairs UG122 (5′-CCA AAG GCC TAC CCG
CTT CCA TT) and UG123 (5′-GGT TGC CAG TCA TGC TAC GGT)
for the Ku86-targeted allele and UG124 (5′-AGA GGG ACT GCA
GCC ATA TTA) and UG125 (5′-GAG AGT CTA CGA CAA CTG
TGC) for the wild type allele. 
DNA ligase IV+/– (Lig4+/–) breeding pairs (129/SV x C57Bl/6) were
obtained from Dr. F. Alt (Harvard U., Boston, MA). Offspring were
genotyped by Southern blot using a 5′-flanking probe and BamH1-
digested genomic DNA [S1]. TSG-p53 mice (C57Bl/6) were pur-
chased from Taconic Farms (Germantown, NY).
Primary fibroblast cultures
Primary fibroblasts were grown from 2 mm of freshly biopsied mouse
tails that had been rinsed with PBS. The tails were transferred into
growth medium (RPMI1640/10% fetal calf serum/100 units/ml peni-
cillin/streptomycin) and minced using a sterile scalpel blade and the
fragments were grown in 4 ml RPMI1640/10% fetal calf
serum/100 units/ml penicillin/streptomycin. Fibroblasts growing out of
the tail fragments were harvested 6–7 days after biopsy by trypsiniza-
tion, expanded once for 3 or more days and subjected to analysis. 
Primary pre-B cell cultures from mice
Long-term proliferating stromal cell and IL-7-dependent pre-B cells
were isolated from day 16 fetal liver embryos, as described [S2]. Cell
lines were established from individual embryos that were subjected to
PCR genotyping as the pre-B cells were growing up. From 12
embryos, pre-B cell lines with all possible genotypic combinations were
obtained. Four of 12 embryos carried a total deletion of the Ku86 allele.
These four embryos also displayed the dwarfed phenotype. Pre-B cells
were grown in IMDM/10% fetal calf serum/0.03% primatone/ 50 µM 2-
mercaptoethanol/100 units/ml penicillin/streptomycin/1% conditioned
medium obtained from IL-7 secreting cell line J558/IL-7 (kind gift of Dr.
Thomas Winkler, University Erlangen, Germany) on a semiconfluent
layer of 3000 rad gamma-irradiated ST-2 feeder cells. The pre-B cell
lines were analyzed 10–14 days after removal from the mice. 
Karyotype analysis
Mouse fibroblasts were seeded onto sterile coverslips and harvested
according to standard protocols [S3]. The chromosomes were Wright
stained without trypsin treatment [S4]. The metaphase chromosomal
abnormalities documented were as follows [S4], and are the same as
those described previously [S5]. A chromosome gap is an achromatic
region involving both chromatids, where the gaps are less than or
equal to the width of a chromatid. A chromatid gap is an achromatic
region of one chromatid, where the gap is less than or equal to the
width of a chromatid. A chromatid break is where one of the chro-
matids has a break that is misaligned at a gap that is greater than the
width of one chromatid. Regarding Robertsonian translocations, we
have counted them as a single chromosomal aberration event. (One
could alternatively multiply this number for Robertsonian events by 4,
as some have suggested [S6], but which we have not done in Table 1
for simplicity.) 
Assessment of Cell Death
The percentage of pre-B cell death in cultures was determined by
staining for dead cells with propidium iodide (1 µg of propidium iodide
(added from a 100 µg/ml stock) per ml of cell suspension) and calcu-
lating the ratio of FL2 positive/negative events. Fibroblasts were
counted in triplicate by trypan blue exclusion, and cell death was
reported as the percent of dead cells ± standard deviation.
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Supplementary material
Figure S1
The growth of primary fibroblasts heterozygous for DNA ligase IV is
normal with respect to wild-type (WT) fibroblasts. Dermal fibroblasts
were harvested from fresh tail biopsies, grown for 7 days, trypsinized,
and seeded into T-25 flasks. The number of cells indicated is the
average of triplicate cultures. Error bars represent the standard
deviation. The number of days designated is the number of days after
the initial tail biopsy.
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S2 Supplementary material
Figure S2
The growth of primary fibroblasts from Ku86-null mice, but not
heterozygotes, is decreased with respect to wild-type (WT) fibroblasts.
Dermal fibroblasts were harvested from fresh tail biopsies, grown for
7 days, trypsinized, and seeded into T-25 flasks. The number of cells
indicated is the average of triplicate cultures. Error bars represent the
standard deviation. The number of days designated is the number of
days after the initial tail biopsy. 
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Figure S3
The growth of pre-B cells from Ku86 null mice, but not heterozygotes,
is decreased with respect to wild-type (WT) fibroblasts. Pre-B cells
growing in log-phase were diluted to 2 × 104 cells/ml and plated on a
semi-confluent layer of gamma-irradiated ST-2 feeder cells in IL-7-
containing growth medium. Cells were harvested from triplicate
cultures every other day and counted. The growth is shown as the
mean concentration of cells (cell number per ml). The standard
deviations were less than 10% of the average cell number from
triplicate cultures; this means that the error bars are smaller than the
symbol for each of the points and hence the error bars shown are
larger than the actual errors.
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